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Abstract
In the present work we revisit a model consisting of a scalar field with a quartic self-interaction
potential non-minimally (conformally) coupled to gravity [1]. When the scalar field vacuum is in a
broken symmetry state, an effective gravitational constant emerges which, in certain regimes, can
lead to gravitational repulsive effects when only ordinary radiation is coupled to gravity. In this case,
a bouncing universe is shown to be the only cosmological solution admissible by the field equations
when the scalar field is in such a broken symmetry state.
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I. INTRODUCTION
Repulsive gravitational effects are an essential ingredient of the Standard Cosmological
Model (SCM), where they are evoked to overcome the difficulties faced by the Friedmann
model, such as the horizon, flatness, and origin of the primordial density fluctuations prob-
lems [2–6], as well as the observed late-time accelerated expansion of the universe [7, 8].
According to General Relativity (GR), when the minimal coupling principle is enforced, repul-
sive gravitational effects can only be generated by fluids with negative pressure. Such fluids
are invariably behind inflationary models (see [6] and references therein) and dynamical dark
energy models [9–11].
A series of attempts to overcome the cosmological singularity problem, arguably the most
severe difficulty faced by the Friedmann model (see [22] and references therein), were pro-
posed in the past in which the alternative concept of repulsive gravitational effects generated
by fields non-minimally coupled to gravity was introduced [1, 12, 13]. In [13], in particular,
a conformally coupled Higgs-like field with a potential V (φ) = m2φ2 + σφ4 (σ > 0) was
responsible for a reversal of the effective gravitational constant in the early universe, when
the density reached a critical value ρc . Such model was later ruled-out on stability grounds,
since as ρ→ ρc the effective gravitational constant diverges, κef f →∞ [14]. Despite that,
this idea paved the way for inflationary models based on non-minimally coupled Higgs-like
scalar fields [15–20] (see [6] and references therein), and was the source of other gravita-
tional repulsion models (see [21] and references therein). As we shall see, that criticism does
not apply here.
In the present work we revisit a model [1] in which ordinary matter (radiation) can generate
repulsive gravitational effects by intervention of a conformally coupled scalar field. The main
idea can be synthesized in the following steps:
(i) We assume the existence of a scalar field φ which has a quartic self interaction potential
with the form V (φ) = m2φ2 − σφ4 (we call attention to the relative sign);
(ii) This scalar field couples non-minimally to gravity;
(iii) We select among all possible candidates of such a coupling a conformal one;
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(iv) Matter interacts with the scalar field only through gravity;
(v) The symmetry of the theory is broken by a state φ = φ0 = constant;
(vi) When the field is in the broken symmetry state, the net result on the equation for the
metric is to produce an effective gravitational constant which, under certain conditions,
has the opposite sign of the bare Newton’s gravitational constant, provided that the
energy-momentum tensor for the matter fields is traceless (T = 0).
(vii) It will be shown that a necessary consequence of this process is that a ordinary radiation
(T = 0) dominated universe exhibits a bounce.
II. THE MODEL
A. Non-minimally coupled scalar field
In what follows, we adopt the space-time metric with signature (+ − −−). The theory
considered here is defined by a Lagrangian with a scalar field non-minimally (conformally)
coupled to gravity
L =
√−g
[
1
κ
R + gαβ∂αφ
∗∂βφ− V (φ∗φ)−
1
6
Rφ∗φ+ Lm
]
, (1)
where gαβ are the components of the metric field, g = det(gαβ), R is the Ricci scalar,
κ = 8πG is the reduced gravitational constant (c = ℏ = 1), Lm is the matter Lagrangian
density, and the self-interaction potential of the scalar field is given by [1]
V (φ∗φ) = m2φ∗φ− σ(φ∗φ)2 − 2V0. (2)
We call attention for the fact that this potential differs from the usual ones employed in [13]
or in inflation models (see [6]) by the relative sign between the mass term, m2φ∗φ, and the
quartic self-interaction term, σ(φ∗φ)2.
The set of field equations obtained from the Lagrangian (1) are
Rαβ − 1
2
Rgαβ =− 11
κ
− 1
6
φ2
[ταβ(φ) + Tαβ] , (3a)
3
φ+m2φ− 2σφ3 + 1
6
Rφ = 0, (3b)
where  ≡ gαβ∇α∇β, φ2 ≡ φ∗φ, φ3 = (φ∗φ)φ, Tαβ is the energy-momentum tensor of the
matter fields, and
ταβ(φ) ≡ ∂αφ∗∂βφ−
1
2
(
∂µφ
∗∂µφ−m2φ2 + σφ4
)
gαβ −
1
6
(
∇α∇βφ2 −φ2gαβ
)
− V0gαβ
(4)
is the “improved” energy-momentum tensor of the scalar field. Taking the trace of the field
equation (3a), and using equation (3b), it follows that the Ricci scalar can be expressed as
follows
R = m2φ2 − 4V0 + T, (5)
where T ≡ gαβTαβ. This enables us to rewrite equation (3b) in the form
φ+
(
m2 − 2
3
V0 +
1
6
T
)
φ+
(
1
6
m2 − 2σ
)
φ3 = 0. (6)
B. Broken symmetry and gravitational repulsion from ordinary matter
It is clear from equation (3a) that in the case where the ground state of the scalar field
potential vanishes, V0 = 0, the improved energy-momentum tensor of the scalar field ταβ(φ)
is irremediably not conserved. Following Callan et al. [23], however, we can define the
conserved energy-momentum tensor
Eαβ(φ) ≡
1
1
κ
− 1
6
φ2
ταβ(φ). (7)
We now look for a constant solutions of equation (6) which correspond to stable vacua of the
scalar field. Clearly, equation (6) only admits a constant solution in the special case where
the trace of the energy momentum-tensor of matter fields is a constant. We stress the
fact that the symmetry breaking process is only possible in this case, otherwise no nontrivial
ground state solution of equation (6) exists. Let us concentrate, from now on, on matter
fields described by a traceless energy-momentum tensor, T = 0.
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According to expressions (7)-(4), for a constant solution φ = φ0 the energy density
E00(φ) ≡ E(φ) corresponding to the energy-momentum tensor (7) has the form
E(φ0) =
1
1
κ
− 1
6
φ2
0
(m2φ20 − σφ40 − 2V0). (8)
On the other hand, for T = 0 equation (6) admits, besides the trivial solution φ0 = 0, two
constant solutions
φ2
0
=
6m2 − 4V0
12σ −m2 . (9)
The constant nontrivial solutions which minimizes the energy density functional (8), and
satisfies relation (9), are given by
φ0 = ±
2
√
V0
m
, σ =
m4
8V0
. (10)
The resulting behavior of the energy density E(φ0) exhibits three uncommunicating regions,
two of them containing the stable local minima at φ0 = ±2
√
V0/m, to which correspond
E(φ0) = 0, the other containing two unstable maxima and a metastable minimum at φ0 = 0
(see Fig 1).
Consequently, when the energy-momentum tensor for the matter fields is traceless (T =
0), and the field is in a non-trivial stable ground state (10), the gravitational field equation
(3a) assumes the form
Rαβ = −κef f Tαβ, (11)
where
κef f ≡
1
1
κ
− 1
6
φ2
0
=
(
3m2κ
3m2 − 2κV0
)
(12)
is the renormalized gravitational constant. The term multiplying the energy-momentum ten-
sor of matter (ordinary radiation) in equation (11) can, thus, be viewed as a “renormalized”
gravitational constant. Clearly, in the regime where the relation
κV0 >
3
2
m2 > 0 (13)
is satisfied (i.e. either the mass m of the scalar field has to be very small, or V0 has to be
very large), gravity is reversed, i.e. κef f < 0.
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FIG. 1: Plot of the energy density E(φ0), for κV0 > 3m
2/2 > 0. The figure shows the solutions
φ0 = ±2
√
V0/m corresponding to the nontrivial stable vacua, and also two asymptotes at φ0 = ±
√
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separating three uncommunicating regionsa are indicated (dashed lines).
III. BOUNCING COSMOLOGICAL MODEL
A. Scalar field induced bounce
We now investigate what cosmological solutions are compatible with the model discussed
above. We assume spatial homogeneity and isotropy, and adopt a Friedmann metric for the
space-time
ds2 = dt2 − a2(t)
[
dr2
1− ǫr2 + r
2
(
dθ2 + sin2 θdϕ2
)]
, (14)
where a(t) is the scale factor and ǫ determine the geometry of the spatial section. In order
to be the source of the Friedmann metric (14) the scalar field must depend on the cosmic
time only, φ = φ(t). We consider a radiation-dominated universe, ρ = 3p (T = 0). In the
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regime φ = φ0 the field equations reduce to(
a˙
a
)2
+
ǫ
a2
=
1
3
κef f ρ, (15a)
a¨
a
= −1
6
κef f (ρ+ 3p), (15b)
where ρ(t) and p(t) are the density and pressure of the radiation fluid. In this case, if
condition (13) holds, gravity is reversed, κef f < 0, and the field equations (15) only admit
a solution for an open spatial section ǫ = −1. Form energy conservation we have ρ(t) ∝
ρ0a
−4(t), where ρ0 is a constant, so that the system of equations (15) yield
a˙ =
√
1− 1
3
|κef f |ρ0a−2. (16)
This equation can be readily integrated, and we obtain the following form for the scale factor
a(t) =
√
t2 + a2
0
. (17)
Therefore, the universe in this model exhibits a bounce around t = 0, the constant a0 =√
|κef f |ρ0/3 being the minimum value attainable by the scale factor.
Interestingly, the bouncing solution obtained above coincides with a model based on a
non-minimally coupled vector field proposed by one of the authors [12], even though the two
models differ considerably (see appendix A).
IV. FINAL REMARKS
In the present work we revisited a model [1] in which a scalar field conformally coupled to
gravity can generate repulsive gravitational effects when only ordinary matter with traceless
energy-momentum tensor (radiation) is coupled to gravity. It was shown that, in a radiation-
dominated universe, when the scalar field is in a non-trivial ground (broken symmetry) state
the only solution admissible by the field equations is a bouncing universe.
Appendix A: Bouncing model generated by a vector field non-minimally coupled to gravity
We include here a short review of the bouncing cosmological model proposed in [12] and
the one presented above for an easy comparison between them. The Lagrangian describing
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a vector field non-minimally coupled to gravity employed in [12] is
L =
√−g
[
1
κ
R + βRAµA
µ − 1
4
FµνF
µν
]
, (A1)
where β is a constant, and Fµν = ∇µAν −∇νAµ. The field equation are
Rαβ −
1
2
Rgαβ =−
1
1
κ
+ βAµAµ
ταβ(A
µ), (A2a)
∇νF µν + βAµ = 0, (A2b)
where ταβ(A
µ) is the improved energy-momentum tensor of the vector field.
In a Friedmann geometry determined by the metric (14), making the choice Aµ = A(t)δ
0
µ,
and defining Ω(t) = 1
κ
+ βA2(t), the set of field equations (A2) assume the form
3
a¨
a
= −Ω¨
Ω
, (A3a)
a¨
a
+ 2
(
a˙
a
)2
+ 2
ǫ
a2
= − a˙
a
Ω˙
Ω
, (A3b)
Ω = 0. (A3c)
A particular solution for an open spatial section, ǫ = −1, furnishes a scale factor with the
form
a(t) =
√
t2 + a2
0
, (A4)
where a0 is the minimum value of the scale factor. Although this is the same solution (17
) obtained for the scalar field, the two models differs in crucial points. First, the quantity
Ω(t), which is analogous to the effective gravitational constant of the model discussed in
the main text, is not a constant but a function of the cosmic time (although a model similar
to the one considered in the main text would arise in the special case AµA
µ = constant).
Second, here the non-minimally coupled vector field alone can be the source of the geometry,
while in the bouncing model induced by the scalar field, in the absence of matter fields and
for the scalar field in the non-trivial (broken symmetry) ground state, the gravitational field
equations reduce to the vacuum Einstein equations.
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